We report a direct observation on the unique laterally emitted surface second harmonic generation (SHG) in a single ZnTe nanowire. The highly directional surface SHG signal that polarizes along the direction vertical to the nanowire growth axis, is significantly larger than the bulk SHG contribution, indicating a high efficiency of surface SHG. Two strong SHG peaks are observed on both sides of the nanowire surfaces in the far-field scanning images, which is further supported by FDTD simulations, demonstrating that the unique laterally emitted signal is ascribed to surface SHG in the ZnTe nanowire. The surface SHG in a single ZnTe nanowire with unique lateral emission and high conversion efficiency shows great potential applications in short-wavelength nanolasers, nonlinear microscopy and polarization dependent photonic integrating.
Nonlinear optical properties of semiconductor nanostructures have been demonstrated versatile in nonlinear optical microscopic probe, [1] [2] [3] multi-photon absorption induced effects [4] [5] [6] and optical communication. 7, 8 Multi-photon absorption makes it possible to achieve ultraviolet laser emission in wide band gap semiconductors when visible and near-infrared lasers act as the pumping source, but it is limited by problems of low converting efficiency and high lasing threshold. 6, 9 However, second harmonic generation (SHG) is a nonlinear optical process that directly doubles the incident light frequency, which provides a more convenient and efficient way to obtain ultraviolet emission with a near-infrared laser, 10 and is of great potential applications in microscopic image/probe, [11] [12] [13] nonlinear optical frequency converters 14 and all-optical signal processer. 15, 16 Previous studies generally focus on the SHG only in noncentrosymmetric semiconductor materials, such as ZnO, 12, 13, 17 GaN 18, 19 , CdS 8, 20 .
Because of the intrinsic permutation symmetry, second nonlinear susceptibilities for centrosymmetric materials vanish each other and lead to the absence of the SHG, 21 which shows serious limitations for potential applications in these centrosymmetric materials.
However, it has been demonstrated that SHG can even be obtained on the surface of the high centrosymmetric and inversion symmetric nanocrystals due to the mismatch of dielectric constant between nanostructure and environment. 22, 23 Compared with the general bulk SHG, surface SHG exhibits an enhanced conversion efficiency, 24 which is able to show detailed information of the nanostructures surface and interface, 25 as well as provides convenient methods to control nonlinear properties by adjusting materials' environment. 24, 26 In addition, surface SHG keeps samples or tissues away from high energy intensity to avoid damaging. 27 Thus, there is an impetus to systematically study surface SHG in nanostructures. As recently reported, surface SHG is theoretically and experimentally studied in cubic symmetrical ZnSe nanowires, [28] [29] [30] and strong surface SHG is obtained in vertical GaP nanopillars array with an optimized diameter. 31 However, it is still highly valuable to directly study the surface SHG in a single nanowire, which is capable of providing a fundamental mechanism and the modified nonlinear properties for potential applications.
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ZnTe is a typical Ⅱ-Ⅵ semiconductor compound with a cubic inversion-symmetric structure, the nanocrystal grows along [111] axis, its band gap is about 2.26 eV and exciton binding energy is 10 meV.
The second-order nonlinear susceptibility is as large as 100 pm/V at 800 nm, more than one magnitude larger than that of ZnO 12 and other Ⅱ-Ⅵ semiconductor compounds, 32 indicating a significant bulk second-order nonlinear optical property. Thus, ZnTe is often used as a nonlinear optical material in THz wave generation and detection. 33, 34 Although a few optical properties like photoluminescence and absorption have been reported, [34] [35] [36] the study of nonlinear optical properties in ZnTe nanostructures is still highly desirable.
In this letter, the SHG properties have been systematically studied in a single ZnTe nanowire with a rectangular cross section. The unique lateral emission of the SHG signals with a small divergence angle is clearly observed under low excitation intensity, which normally polarizes to the nanowire growth axis. The surface contribution is significantly larger than bulk contribution, indicating a high conversion efficiency of surface SHG in the ZnTe nanowire. Two strong SHG peaks are observed on both sides of the nanowire surfaces in the far-field scanning images, which is further supported by C /min and then was maintained at this temperature for 2 h. After the temperature was cooled, reddish-brown products were obtained at the substrate.
X-ray diffraction (XRD, X'Pert PRO, PANalytical B.V., Netherlands) and scanning electron microscopy (SEM, JSM-6701F) are used to characterize the ZnTe nanowires. As it is shown in XRD patterns in Figure 1a , all the diffraction peaks can be assigned to ZnTe (JCPDS no. 15-746), no obvious peak broadening and peak shifts are observed, suggesting the high phase purity of the product. SEM morphologies in Figure 1b show that the product is consisted of nanowires with diameters in the range of sub-and several micrometers and length up to several hundred of micrometers, the SEM image of a single ZnTe nanowire also reveals that the nanowire is clean and the diameter is uniform along the wire axis ( Figure 1c) . Figure 1d and 1e present the tilt-view scanning electron microscope images of nanowires, the clean and smooth facets of their predominantly rectangular cross section are visible.
In Figure 2a , a conventional u-PL system was used to study the transmitted and reflected optical signals of the sample. A femtosecond laser system consisted of a mode-locked Ti/Sapphire oscillator (Spitfire, Spectra-Physics, 800 nm, 50 fs, 80 MHz) was used as the pumping source, a half-wave plate (A1) combined with a polarizing beam splitter (B) were used to control the incident laser power. The seed laser beam was focused by a 40× microscopic objective (Olympus, NA=0.6) to the sample stage with a beam diameter of 4 μm. The transmitted signal was collected by a confocal microscopic objective in the same type, then was focused by a lens (f=150 mm), and further analyzed by a monochromator equipped with a photomultiplier (PMT). In addition, a 750 nm short pass filter was used to remove fundamental pump beam of 800 nm before the signal analysis. A high-sensitivity lock-in amplifier (Stanford Research Systems, SR830) was used for data acquisitions, which was referenced by an external signal of an optical chopper with a frequency of 1800 Hz. A CCD camera was applied to take bright and dark field images of the nanowire. For polarization study, polarization angle θ, is defined as the angle between the polarization direction of the pumping laser and the growth axis of the nanowire, which can be continuously controlled by rotating a half-wave plate at 800 nm (A2). θ is set to be 0 o as 5 the polarization direction is parallel to the growth axis. Furthermore, polarization of the emission signals are also studied using a Glan prism (A3) in front of the monochromator. 26 eV) . 39 The TPL signal is 2-orders smaller than SHG and is not able to be observed in the dark field image in Figure 2c , indicating a strong SHG property of the ZnTe nanowire. . The s component data (red dots) presents a rather similar response process with the total one. In contrast, the p component (green dots) shows a rather different process that is orthogonal to the total and s component, with a very low intensity that is less than one tenth of the total signal.
ZnTe crystals are of inversion symmetry with a large second-order nonlinear susceptibility and dielectric constant, thus, the origins of SHG in ZnTe crystal can be attributed to both the bulk nonlinearity and surface dielectric mismatch. 23, 31 For the bulk contribution component, ZnTe has a 4 -3m crystal style, and the second order nonlinear susceptibility has only one independent component, χ
, with the wave vector k keeping vertical to the [111] growth axis of the nanowire. According to
, and take the symmetrical property of our situation into consideration, E x ≈E y ≈E z , polarization intensity of the three components conform to P x
, which indicates that the polarization direction of the total intensity P (2ω) is mainly along [111] axis. Thus, bulk SHG component mainly polarizes parallel to the growth axis of the ZnTe nanowire, corresponding to the p component in experiment results. And the SHG intensity of the bulk contribution can be expressed as:
where  is the polarization angle. The experimental results (green dots) shown in Figure 3 are fitted with equation (1) in green line.
According to the previous studies by H. E. Rude and A. Shik, 28 surface SHG caused by mismatch of dielectric constants can be divided into two parts with different physical natures: One is caused by the 7 parallel component of the excitation electric field (E || ) that can be equal to the radiation of an effective dipole parallel to the light wave vector:
The other is caused by the perpendicular component (E⊥) that has a quadrupole character with
As the pumping laser vector is vertical to the growth axis, γ, is the half-width angle corresponds to the detector's limit that it is about 37 o for a 0.6 NA microscope objective, equations (2) and (3) 
As the surface SHG caused by dielectric constant mismatch polarizes mostly in the direction vertical to the nanowire growth axis, the related s component (red dots) of the experimental results is theoretically fitted well (red line) according to the equation (4), and the dispersion formula of ZnTe is adopted as reported by Pacuski et al. 40 Obviously, the surface component is much stronger than the bulk one, indicating that the surface component caused by dielectric constant mismatch is predominant in the SHG signal, which is in a good agreement with the SHG distribution in the dark field image shown in Figure 2c . The results also indicate that in ZnTe nanowire, polarization direction of the two components respectively caused by surface and bulk contribution is orthogonal, and their variation with pumping source polarization is in a discrepancy of π/2 as well.
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The scanning results are shown in Figure 4a and 4b. In both figures, a quite bright rectangular area in the center with a width of 5 μm is clearly observed, which can only be ascribed to the SHG effect of the single ZnTe nanowire. The brightest stripe exhibits the strongest SHG signal obtained on the nanowire. Excluding the influence of the excitation beam diameter, the nanowire diameter is estimated to be about 1 μm. It is worth noting that there is several bright and dark regions distributed cyclically in the stripes (marked with red lines) with a period of about 1 μm along the Y axis. The possible interpretation is that the SHG oscillates along the nanowire, resulting in the standing wave. In our experiment, the scanning step is 500 nm, which is exactly 2.5 times of the theoretical period of the standing wave of SHG, L=λ/2≈205 nm, Thus, an antinode and a node would occur by turns, inducing the bright and dark distribution. Along X axis, some vague stripes can also be observed, which may be caused by diffraction of the SHG as it passes across the nanowire.
In Figure 4c and 4d, two cross lines along X axis are taken from the scanning images for each situation, which are fitted in Gaussian style (See supporting information). Two peaks indicate that the strongest effect occurs on two facets of the nanowire as the excitation laser scans across the nanowire.
The light field distribution is asymmetrical along X axis, indicating that the nanowire lies asymmetrically with respect to the growth axis, or the cross section of the nanowire is not strictly square but a little rectangular. Therefore, through this far field scanning, the location of the nanowire, as well as how it lies on the substrate can exactly be determined, indicating a great tool for the study of the nanocrystal morphology with surface SHG.
Numerical simulations based on the commercial finite-difference time-domain (FDTD) software (FDTD Solutions 8.0, Lumerical Solutions) are made to calculate the field distribution of the 800 nm excitation laser. Two situations with the laser beam polarizing parallel and perpendicular to the growth axis are simulated respectively for comparison. In Figure 5a -5d, for square cross-section nanowire with a diagonal of 1 μm, both situations clearly exhibit that the laser beam mainly distributes on the nanowire surface and little could deeply penetrate into the nanowire. Thus, the strongest SHG signal can only be caused by the surface effect, which is in a good agreement with experiment results. Specifically, as the laser polarization is parallel to the growth axis (θ=0°), the light field emits out close to the surfaces, while in the other situation the light gets reflected apparently and radiates in X direction, indicating that polarization of the exciting laser not only has influence on the intensity of surface SHG, but also makes the light field distribution different. It is worth noting that intensity distributions for both cases does not show much difference, which can be attributed to the neglect of the depolarization effect in simulations.
Actually, intensities of the SHG signal are much smaller as the laser polarization is perpendicular to the growth axis. In Figure 5e -5h, similar simulations are also carried out in a nanowire with a rectangular cross section, whose diagonal is 1.27 μm and length/width=1.5. The results clearly show the asymmetrical distribution of the laser field in the nanowire structure, leading to the asymmetry of the surface SHG shown in Figure 2 .
In conclusion, the unique surface SHG with lateral emission is experimentally observed in a single (g) θ=0°; (f) and (h) θ=90°.
